Running title: Regulation of fatty acid oxidation during breast cancer metastasis Keywords: breast cancer metastasis, metabolic regulation, AKR1B10, fatty acid oxidation, lung metastasis Abstract The different stages of the metastatic cascade present distinct metabolic challenges to tumour cells and an altered tumour metabolism associated with successful metastatic colonisation provides a therapeutic vulnerability in disseminated disease. We identify the aldo-keto reductase AKR1B10 as a metastasis enhancer that has little impact on primary tumour growth or dissemination but promotes effective tumour growth in secondary sites and, in human disease, is associated with an increased risk of distant metastatic relapse. AKR1B10 High tumour cells have reduced glycolytic capacity and dependency on glucose as fuel source but increased utilisation of fatty acid oxidation. Conversely, in both 3D tumour spheroid assays and in vivo metastasis assays, inhibition of fatty acid oxidation blocks AKR1B10 Highenhanced metastatic colonisation with no impact on AKR1B10 Low cells. Finally, mechanistic analysis supports a model in which AKR1B10 serves to limit the toxic side effects of oxidative stress thereby sustaining fatty acid oxidation in metabolically challenging metastatic environments.
reductase, Akr1b8. Akr1b8, and its human orthologue AKR1B10 3 are NADPHdependent enzymes that can reduce a variety of carbonyl substrates 4 . These include the conversion of retinal to retinol 5, 6 resulting in decreased retinoic acid signalling, conversion of the isoprenyl aldehydes farnesal and geranylgeranal to farnesol and geranylgeranol 7 generating precursors for protein prenylation and the reduction of cytotoxic aldehydes 8 . Although AKR1B10 expression is upregulated in a variety of cancers including hepatocellular 9, 10 ; lung 11 , pancreatic 12 and breast 13, 14 , the mechanism by which elevated levels of AKR1B10 enhances metastasis is not known.
We demonstrate that AKR1B10 High cells are characterised by a reduced glycolytic capacity and an increased utilisation of fatty acid oxidation (FAO), and that this metabolic switch is required for successful colonisation of secondary sites but not primary tumour growth or metastatic dissemination.
Results

Akr1b8/AKR1B10 promotes breast cancer metastasis
To identify novel enhancers of breast cancer metastasis we analysed a syngeneic in vivo shRNA screen, focusing on shRNAs that were significantly under-represented in the 4T1-Luc tumour-bearing lungs of BALB/c mice compared to preinoculation 4T1-Luc mouse mammary carcinoma cells ( Fig. 1a ; see Methods). 81 shRNAs were found to be significantly depleted (Z score <-2) in the metastatic lung samples ( Fig.   1b ) and were then filtered by removing shRNAs that (a) did not align to the predicted target gene, (b) were significantly depleted in less than 3 of the 4 biological replicates, (c) targeted genes with expression in the lowest 50 th percentile based on gene expression profiling of 4T1 cells directly isolated from tumours 15 , and (d) when comparing the preinoculation cells to the initial plasmid library (Fig. 1a ) showed a significant difference in abundance (Z score >2 or <-2) indicating an effect on cell viability. Filtering resulted in a shortlist of 23 significantly depleted shRNAs targeting genes encoding putative metastasis enhancers ( Fig. 1c and Extended Data Table 1 ).
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Within this shortlist are known regulators of breast cancer progression and metastasis such as matrix metallopeptidase 9 (Mmp9) 16 , cathepsin D (Ctsd) 17 , insulin-like growth factor 1 (Igf1) 18 and MET (Met) 19 , as well as inhibitors of apoptosis such as BCL2-like 2 (Bcl2l), BCL2 associated athanogene 1 (Bag1), nucleolar protein 3 (Nol3) and protein kinase C eta (Prkch), providing confidence in the ability of the screen to uncover novel metastatic regulators.
Of particular interest was the presence of the metabolic enzyme aldo-keto reductase 1b8 (Akr1b8) in this shortlist. The human orthologue of Akr1b8, AKR1B10, has been reported to be upregulated in a number of cancer types including breast cancer 13, 14 , but the clinical and metabolic consequences of this altered expression have not been investigated. First, 4T1-Luc cells were transduced with lentiviral constructs containing empty vector (shCTRL), a non-targeting shRNA (shNTC) or two independent shRNAs targeting Akr1b8 (shAkr1b8-4 and shAkr1b8-7) (Extended Data Fig. 1a ). Consistent with the screening data, where we compared shRNA representation in the starting plasmid pools with the preinoculation cells, Akr1b8 knockdown had no significant effect on cell viability when cultured in full medium in vitro (Extended Data Fig. 1b ). By contrast, following intravenous inoculation, the two Akr1b8 knockdown cell lines showed a significant decrease in lung colonisation as monitored by in vivo IVIS imaging and ex vivo lung weight ( Fig. 1d ).
Although these data validate the in vivo shRNA screen, intravenous inoculation does not assess the full metastatic ability of tumour cells. Consequently, we next performed a spontaneous metastasis assay in which cells were inoculated orthotopically into 4 th mammary fat pad of BALB/c mice ( Fig. 1e ). No differences were observed in tumour take, primary tumour growth or tumour weight at the end of the experiment, however, there was a significant reduction in lung metastasis in the Akr1b8 knockdown group. Finally, we addressed whether this metastatic impairment resulted from impairment of tumour cell survival in the circulation. 4T1-Luc shNTC and shAkr1b8 cells were labelled with cell tracker dyes, mixed at a 1:1 ratio and Page 5 of 31 injected via the tail vein into BALB/c mice ( Fig. 1f ). Imaging of the lungs 1 hour postinjection confirmed that equal number of cells had been inoculated. Examination of lungs 16 hours post-injection revealed no significant difference between the number of control and Akr1b8-knockdown tumour cells retained in the lungs indicating that Akr1b8 expression does not impact on survival in the circulation or lodging in the vasculature but is required for efficient colonisation of tumour cells within the metastatic site.
Expression of AKR1B10 correlates with increased risk of metastatic relapse in breast cancer patients
To address the clinical relevance of the data obtained with the 4T1 mouse models, expression of AKR1B10, the human orthologue of murine Akr1b8 3 , was analysed in human primary breast cancers present in the TCGA database. Within the intrinsic subtypes, AKR1B10 expression is significantly higher in the HER2-enriched and basal-like breast cancers compared to luminal A and luminal B cancers ( Fig. 2a ) and analysis by receptor expression revealed significantly higher AKR1B10 expression in ER-compared to ER+ breast cancers, and in HER2+ compared to HER2-breast cancers ( Fig. 2a ). The latter finding is consistent with a previous report that overexpression of AKR1B10 correlates with HER2 positivity in ductal carcinoma in situ (DCIS) 20 . An equivalent pattern of expression was seen in a panel of breast cancer cell lines 21 (Extended Data Fig. 2a ). Similarly, AKR1B10 protein levels are variable with low levels in the ER+ ZR75.1 and MCF7 lines and high levels in the basal-like BT20, MDA-MB-468 and HCC1395 lines ( Fig. 2b, upper panel) . For further studies, AKR1B10 was ectopically expressed in the AKR1B10 Low MDA-MB-231 and MDA-MB-453 lines and expression was knocked down by shRNA in the AKR1B10 High HCC1395 line ( Fig. 2b , lower panel). Levels of ectopically expressed protein were equivalent to that found in AKR1B10 High lines, while shRNA knockdown reduced protein levels to that observed in AKR1B10 Low lines.
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As with the 4T1-Luc cells (Extended Data Fig. 1b ), the human breast cancer cell lines with altered AKR1B10 levels showed no difference in in vitro viability as monitored in a colony formation assay ( Fig. 2c ), yet when inoculated intravenously into BALB/c Nude mice, AKR1B10 High MDA-MB-231 cells gave rise to a significantly increased tumour burden in the lungs compared to AKR1B10 Low MDA-MB-231 cells ( Fig. 2d ). Again, there was no effect on the ability of the cells to survive in the circulation and lodge in the lung tissue ( Fig. 2e ), supporting the hypothesis that AKR1B10 functions to maintain efficient growth of tumour cells within the metastatic tissue.
Consistent with these findings, in a dataset of 1,746 unselected breast cancers 22 , high expression of AKR1B10 significantly correlated with reduced distant metastasis-free survival when considering all patients or only ER-patients. A similar trend was seen in HER2+ patients, however, the number of samples was too low to reach statistical significance ( Fig. 2f ). No association with outcome was seen in ER+ only patients. As AKR1B10 has been associated with chemoresistance via its ability to metabolise anti-cancer drugs 23 , we also examined the subset of untreated patients (Extended Data Fig. 2 ). Again high expression of AKR1B10 (upper quartile) was significantly associated with reduced distant metastasis-free survival in ER-, but not ER+, breast cancer patients. have been implicated as regulators of cellular metabolism. Aerobic glycolysis, also known as the Warburg effect, is a common feature of many cancers and characterised by increased metabolism of glucose to lactate, which is transported out of the cell resulting in local acidification. The Seahorse XF Glycolysis Stress test was used to assess glycolytic function of cells by measuring the extracellular acidification Page 7 of 31 rate (ECAR) in the media (Fig. 3a ). Following addition of glucose, the glycolytic rate was significantly reduced in AKR1B10 High , compared to AKR1B10 Low , breast cancer cells, as was their glycolytic capacity and glycolytic reserve. Moreover, glucose uptake was significantly reduced in all three AKR1B10 High cell lines (Fig. 3b ), indicating that AKR1B10 High cells have a reduced requirement for glucose. Consistent with this hypothesis, in 2D culture AKR1B10 High and AKR1B10 Low cells showed only a modest difference in cell growth when cultured in full DMEM (4.5 g/L D-glucose) but in low glucose (LG) DMEM (1 g/L D-glucose) AKR1B10 Low cells showed a significantly impaired growth rate ( Fig. 3c ). These data were recapitulated first in a 3D in vitro assay where AKR1B10 High tumour spheroids showed increased growth in
LG DMEM compared to the AKR1B10 Low spheroids ( Fig. 3d ) and in colony forming assays where AKR1B10 High cells were significantly more tolerant to low glucose conditions ( Fig. 3e )
In addition to aerobic glycolysis, tumour cells can utilise glutamine and/or fatty acids to generate sufficient ATP and metabolites to support cellular activities. As AKR1B10 High cells have a reduced glycolytic function, take up less glucose and are better able to survive in low glucose conditions, we used the Seahorse XF Mito Fuel Flex Test to monitor the mitochondrial fuel usage of glutamine or fatty acids as an alternative source of energy. In all three cell lines, there was no significant difference in mitochondrial respiration following inhibition of glutamine oxidation (Extended Data Fig. 3 ), whereas two out of three AKRB10 High breast cancer cell lines showed an increased dependency on fatty acid oxidation (FAO) compared to their matched AKR1B10 Low counterparts ( Fig. 4a ) and a significantly increased oxygen consumption rate (OCR) following addition of palmitate ( Fig. 4b ).
To address clinical relevance of these findings, we used a FAO 88-gene set (FAO88; see Methods) and demonstrated that AKR1B10 expression positively correlated with a high FAO88 score in triple negative (TN) and ER-breast cancer 24 . In the Hatzis dataset there were insufficient numbers of HER2+ breast cancers for analysis, however, in the intrinsic subtype of HER2-enriched tumours high AKR1B10 expression again positively correlated with a high FAO88 score (Fig. 4c ).
The processes of FAO and fatty acid synthesis are usually mutually exclusive due to their regulation by negative feedback 25 . It was notable that AKR1B10 expression in human breast cancers positively correlated with the key FAO transcriptional regulator, peroxisome proliferator-activated receptor gamma coactivator 1 alpha (PPARGC1A, also known as PGC-1α) (P=0.009) and negatively correlated with the activators for fatty acid synthesis, acetyl-CoA carboxylase β (ACACB; P=0.047) and acyl-CoA synthetase long chain family member 1 (ACSL1; P<0.001). Consistent with these clinical data, in the cell line models, fatty acid synthesis as monitored by incorporation of 14 C-acetate in lipids was significantly reduced in AKR1B10 High cells ( Fig. 5a ). Given this negative correlation between AKR1B10 expression and lipid synthesis, AKR1B10 High tumour cells must rely either on increased uptake of exogenous fatty acids or increased release from intracellular fatty acid stores. All three AKR1B10 High cell lines showed increased fatty acid uptake ( Fig. 5b ) whereas staining of intracellular neutral lipids with the lipophilic fluorescent dye BODIPY 493/503 revealed no significant difference in lipid droplet content between AKR1B10 High and AKR1B10 Low cells ( Fig. 5c ), indicating that AKR1B10 High cells predominantly fuel FAO via the uptake of free fatty acids.
AKR1B10 functions to limit oxidative stress-associated toxicities and sustain FAOdependent metastatic colonisation
The finding that increased AKR1B10 expression promotes metastatic colonisation of the lungs ( Fig. 1 and Fig. 2d -f) and is associated with an increased dependency on FAO ( Fig. 4 ) and enhanced tolerance of low glucose culture Page 9 of 31 conditions (Fig 3c-e ) raises two important questions. First, what is the mechanism by which AKR1B10 modulates these activities? AKR1B10 is distinguished from the other well-characterised AKR1B subfamily member AKR1B1 by its increased catalytic activity for retinals, isoprenyl aldehydes and, importantly, for cytotoxic aldehydes such 4-hydroxy-2-nonenal (4-HNE) 23 . The latter is a toxic lipid peroxide by-product of the elevated reactive oxygen species (ROS) levels associated with oxidative stress. The interaction between FAO and ROS is complex. It is well documented that FAO, via its ability to generate NADPH, reduces ROS levels 26 but, conversely, it has been demonstrated that ROS can inhibit FAO 27, 28 . Consistent with the observation that AKR1B10 Low cells have reduced viability when cultured in LG DMEM ( Fig. 3c-e ), glucose deprivation resulted in elevated levels of lipid peroxidation as detected by BODIPY 581/591 C 11 fluorescence ( Fig. 5d,e ). However, lipid peroxidation levels did not increase when AKR1B10 High cells were cultured in LG DMEM, suggesting that the AKR1B10 functions to limit oxidative stress-associated toxicities and consequent FAO inhibition.
Second, do these cellular mechanisms operate in physiologically relevant settings? To address this, 3D tumour spheroids were treated with the FAO inhibitor etomoxir. Etomoxir had no effect on growth of AKR1B10 Low tumour spheroids but inhibited the increased growth observed in the AKR1B10 High tumour spheroids ( Fig.   6a ). More importantly, mice were inoculated intravenously with MDA-MB-231-Luc AKR1B10 High or AKR1B10 Low cells and, after 7 days when the tumour cells will have extravasated into the lung tissue, treated with or without etomoxir. As previously shown ( Fig. 2d ), MDA-MB-231 High cells gave rise to a significantly increased lung tumour burden as monitored by in vivo IVIS imaging and ex vivo measurement of lung weight ( Fig. 6b ) and this increased AKR1B10 High metastatic colonisation was effectively impaired by etomoxir treatment, with no effect of etomoxir on the growth of AKR1B10 Low cells.
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Together these data support a model in which AKR1B10 functions to maintain FAO in tumour cells, particularly during metastatic colonisation of the pro-oxidative lung microenvironment 2 .
Discussion
The data presented here demonstrates that AKR1B10 expression is elevated in ERand HER2+ breast cancers and that within these breast cancer subtypes, high AKR1B10 expression is associated with an increased incidence of metastatic relapse at secondary sites. In contrast to previous reports 29, 30 , we find that AKR1B10 High breast cancer cells do not display altered survival or proliferation properties when cultured in vitro in full medium ( Fig. 2c, Fig. 3c ,d) or when inoculated orthotopically into the fat pad of recipient mice (Extended Data Fig. 2 ). However, AKR1B10 High cells are more successful than AKR1B10 Low cells when cultured in nutrient poor conditions such as in low glucose ( Fig. 3c,d) or when colonising the lungs (Fig. 1d, Fig. 2d and Although the role of PGC-1α expression in metastasis is controversial 34 , increased Page 11 of 31 expression has been demonstrated to promote breast cancer metastasis in a variety of models systems 35, 36, 37 and to be associated with increased FAO and an enhanced ability of cells to survive in 3D acini assays 31 . Conversely, impairment of FAO decreases cell survival in acini assays 27 and reduces tumour burden in the lungs and livers following intravenous inoculation 38 . Here we demonstrate that AKR1B10 High cells fuel FAO by an increased uptake of exogenous fatty acids. To date, the best characterised fatty acid transporters are CD36, fatty acid translocase and low density lipoprotein receptor, and it is of particular interest is the recent identification of CD36 bright cells marking a population of metastasis-initiating cells 39 , and that these cells display an upregulated FAO signature.
AKR1B10 belongs to the aldo-keto reductase (AKR) superfamily of NADP(H)dependent enzymes 4 , and together with AKR1B1 and AKR1B15 form the AKR1B subfamily of enzymes characterised by their ability to reduce a variety of endogenous and xenobiotic aldehydes, dicarbonyl components and some drug ketones 23 . The AKR1B10 gene promoter contains both an activator protein-1 (AP-1) element and an antioxidant response element (ARE) 40 and AKR1B10 expression can be regulated by AP1 downstream of IRAK1 or EGFR signalling 41, 42 and by NRF2 (nuclear factor erythroid 2-related factor 2) binding to the ARE element 40, 43 . Consistent with the latter, induction of oxidative stress results in NRF2-mediated upregulation of AKR1B10 expression 44 . The lungs, due to the high levels of oxygen and exposure toxic compounds, are characterised by a high level of oxidative stress creating a challenging microenvironment for metastasising tumour cells 2 . In these pro-oxidative conditions, elevated ROS production both inhibits FAO 27, 28, 31 and drives peroxidation of lipids that can then be degraded to reactive electrophilic lipid peroxidation products, which in turn can form covalent adducts in DNA, proteins and membrane lipids.
Unchecked, these lipid peroxide breakdown products are highly damaging and cytotoxic to cells. Via its ability to detoxify lipid peroxidation products by reduction of the carbonyl-groups to the corresponding alcohol metabolite 8, 45, 46, 47 Table 3 ) and selected in 2.5 µg/mL puromycin. The cells were cultured for an additional 3 passages in selective medium to enrich the infected cell population.
In vivo shRNA screen
As previously detailed 48 Glucose uptake assay. 1-5x10 4 cells were seeded in 100 µL culture medium containing 10% FBS into a 96-well plate and incubated for 24 hours at 37°C. Cells were washed twice with PBS before the Glucose Uptake-Glo assay (Promega) was performed according to the manufacturer's protocol. For lipid peroxidation analysis cells cultured for 48 hours in DMEM or LG DMEM plus 10% FBS, stained for 30 min with 1 µg/ml BODIPY 581/591 C11 (D3861, Molecular Probes) and DAPI and imaged on a Leica SP2 confocal microscope.
Images were analysed using basic algorithms in the CellProfiler software package (cellprofiler.org) to quantify oxidised (green) and non-oxidised (red) BODIPY probe.
Alternatively, 1x10 5 Genome U133A Array annotation file (GEO accession code GPL96) was used to map the symbol to the corresponding Affymetrix Probe_Set_ID. When multiple Probe_Set_IDs mapped to the same symbol, the Probe_Set_ID with the highest variance across samples was selected to represent the gene. Genes were discarded from further analysis if they were not mapped to either the annotation file or the expression data. FAO88 score was calculated as a mean of the normalised log2expression of the matched individual genes within the FAO88. Pearson correlation was used to assess associations between AKR1B10 expression and this FAO88 score of the samples in each subset.
Statistical analysis
Statistics were performed using GraphPad Prism 7. Unless stated otherwise, all numerical data is expressed as the mean ± standard deviation (SD) for in vitro assays and ± SEM for in vivo tests. Comparisons between 2 groups were made using the two-tailed, unpaired Student's t-test. Comparisons between multiple groups were made using one-way analysis of variance (ANOVA), and two-way ANOVA for comparisons between multiple groups with independent variables. Bonferroni posttesting with a confidence interval of 95% was used for individual comparisons.
Statistical significance was defined as: *, P<0.05; **, P<0.01; ***, P<0.001; ns, not significant. 
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